During fertilization, spermatozoa make essential contributions to embryo development by providing oocyte activating factors, centrosomal components, and paternal chromosomes. Protamines are essential for proper packaging of sperm DNA; however, in contrast to the studies of oocyte-related female infertility, the influence of sperm chromatin structure on male infertility has not been evaluated extensively. The objective of this study was to determine the sperm chromatin content of bull spermatozoa by evaluating DNA fragmentation, chromatin maturity/protamination, PRM1 protein status, and nuclear shape in spermatozoa from bulls with different fertility. Relationships between protamine 1 (PRM1) and the chromatin integrity were ascertained in spermatozoa from Holstein bulls with varied (high vs. low) but acceptable fertility. Sperm DNA fragmentation and chromatin maturity (protamination) were tested using Halomax assay and toluidine blue staining, respectively. The PRM1 content was assayed using Western blotting and in-gel densitometry, flow cytometry, and immunocytochemistry. Fragmentation of DNA was increased and chromatin maturity significantly reduced in spermatozoa from low-fertility bulls compared to those from high-fertility bulls. Field fertility scores of the bulls were negatively correlated with the percentage of spermatozoa displaying reduced protamination and fragmented DNA using toluidine blue and Halomax, respectively. Bull fertility was also positively correlated with PRM1 content by Western blotting and flow cytometry. However, detection of PRM1 content by Western blotting alone was not predictive of bull fertility. In immunocytochemistry, abnormal spermatozoa showed either a lack of PRM1 or scattered localization in the apical/ acrosomal region of the nuclei. The nuclear shape was distorted in spermatozoa from low-fertility bulls. In conclusion, we showed that inadequate amount and localization of PRM1 were associated with defects in sperm chromatin structure, coinciding with reduced fertility in bulls. These findings are highly significant because they reveal molecular and morphological phenotypes of mammalian spermatozoa that influence fertility. male infertility, PRM1, protamine, sperm chromatin, sperm DNA fragmentation
INTRODUCTION
Mammalian spermatozoa carry minute amounts of cytoplasm harboring a nucleus with hypercondensed chromatin, containing highly basic arginine and cysteine-rich male germ line-specific DNA binding proteins, the protamines (PRMs) [1] . During spermatid chromatin remodeling in the testis, core histones are first replaced by their testis-specific variants [2] , which are transiently supplanted by transition proteins 1 and 2, and are terminally replaced by protamines. Following fertilization, sperm protamines are replaced by maternal histone variants [3] . Consequently, defects of sperm chromatin structure affect sperm function during fertilization and zygotic/embryonic development [1, 4] . Unlike histones, protamines differ among species; while protamine 1 (PRM1) is omnipresent in mammals, protamine 2 (PRM2) is found only in spermatozoa of certain placental mammals, such as primates and rodents [5] . Compared to protaminated sperm DNA, the sperm DNA regions packaged by histones are less compact and sometimes methylated, harboring imprinted gene clusters, miRNA clusters, and promoters of transcription factors regulating embryo development [6] [7] [8] . In addition to apoptosis and oxidative stress, defective chromatin packaging in spermatozoa is one of the underlying factors of sperm DNA damage that contributes to male infertility [9] . Consequently, laboratory and clinical techniques have been developed to detect fragmented DNA in spermatozoa, such as sperm chromatin structure assay (SCSA), TUNEL assay for the detection of single-stranded DNA, singlecell gel electrophoresis/COMET assay, and the sperm chromatin dispersion (SCD) test [10] . Most of these assays have been used in diagnosing human infertility, while only a few are used for livestock species because of the cost [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . By SCSA, sperm chromatin status of beef bulls appeared predictive of sire fertility and negatively associated with semen parameters [21] . Researchers previously showed negative correlations between fertility ratings and SCSA parameters as determined by heterospermic performance [22, 23] .
In addition to DNA damage, the levels of prm1 transcript in spermatozoa were found to be reduced in low-fertility (LF) bulls [24] . In humans, the sperm PRM1/PRM2 [25] [26] [27] [28] and histone/protamine [29] ratios differ between fertile and infertile men. Retained histones may associate preferentially with sperm DNA regions that contain genes activated during early embryonic development [30] . However, the incorporation of PRM2 but not PRM1 in the nucleus of mouse spermatozoa supports normal sperm structure and function [31] . Mechanistic studies correlating sperm chromatin structure and composition with fertility have been lacking.
In contrast to sperm defects compensable by increasing the number of spermatozoa in an artificial insemination (AI) dose, the noncompensable sperm defects are likely due to molecular anomalies in sperm DNA and sperm protein makeup [32] . While some etiologies of male infertility in men coincide with an increased sperm histone retention and reduced protamination, the cutoff values of DNA fragmentation in spermatozoa of different species are still debated. The hypothesis of this study was that the measurement of protamine with DNA fragmentation and sperm head morphology predicts in vivo fertility of bulls. Therefore, the objective of this study was to determine the sperm chromatin content of bull spermatozoa by evaluating sperm DNA fragmentation (SDF), chromatin maturity/protamination, PRM1 protein status, and localization and sperm nuclear shape in spermatozoa from bulls with different fertility. Since PRM1 is the only protamine species carried by bull spermatozoa, the varied fertility bull model provides unique insight into the influence of chromatin structure on sperm function and male fertility. Morphological alterations of mammalian sperm are reflective of abnormal spermatogenesis and result in declined fertility. Objective evaluation of sperm nuclear shape using Fourier harmonic analysis (FHA) has helped predict fertility in bulls and boars [33, 34] . Chromatin structure, DNA damage, and abnormal morphology of sperm are interrelated, and differences in sperm nuclear shape between high-fertility (HF) and LF bulls illuminate both the sperm DNA damage and chromatin structure [35] .
Providing the first detailed protamine profiling in bulls with well-defined fertility phenotypes is useful in improving field AI fertility in bulls and diagnosing male subfertility/infertility in other mammals, including humans.
MATERIALS AND METHODS
Cryopreserved semen samples from bulls with varied fertility were obtained from Alta Genetics, Inc. Unless otherwise indicated, all chemicals were purchased from Sigma-Aldrich Chemicals. All methods performed in phase I and II experiments, and determination of bull fertility scores using specific software are explained below (see Supplemental Figure S1 for the experimental design; all Supplemental Data are available online at www.biolreprod.org). All of the research was in accordance with scientific ethical guidelines.
Determination of Bull Fertility
Selection of bulls with LF and HF phenotypes. Bull fertility scores were determined using Probit F90 software developed by Chang [36] as used in Alta Advantage Program (Alta Genetics). This program is periodically updated by adding bull fertility information from partnering dairy producers [37] . Environmental factors and herd management in this program have been optimized using reliable threshold models by Zwald et al. [38, 39] . Fertility of each sire is calculated based on the mean conception rates (.500) with the percent deviation of their conception rates. Experiments were performed in two phases, using two groups of bulls. In phase I, group 1 consisted of 20 bulls sampled for toluidine blue, Halomax, and Western blotting experiments. In phase II, group 2 included 107 bulls used to perform flow cytometry and sperm nuclear shape analyses. In this study, fertility was calculated as the deviation from the population mean where the SDs of the LF group were À2 units different, while those of the HF group were þ2 units different from the population mean. This distribution resulted in the deviation of two populations (low vs. high fertility) to be 4 units from each other (see Supplemental Tables  S1 and S2 for details). All semen samples were cryopreserved as per Alta Genetics commercial protocol using an egg-yolk Tris extender.
Phase I Experiments
Isolation of spermatozoa. Semen straws from 20 fertile AI bulls (Supplemental Table S1 ) were thawed in a 378C water bath for 1 min. Spermatozoa were washed with warmed 13 PBS (catalog no. 10010-023; Invitrogen, Gibco) and centrifuged twice at 700 3 g for 15 min and 10 min, respectively. The sperm pellets were resuspended in warm PBS, and sperm concentration was adjusted to 25-30 3 10 6 /ml using a hemocytometer. Spermatozoa were maintained at 378C prior to toluidine blue and Halomax experiments for accuracy. For Western blotting, the sperm pellets were stored at À808C until the experiments.
Toluidine blue staining. The toluidine blue dye is a sensitive external agent incorporated into the damaged dense chromatin; thereby, it becomes metachromatic on binding to DNA. In this study, the toluidine blue staining was used to determine the maturity of sperm chromatin and DNA integrity as described by Beletti et al. [40] . Briefly, smear slides were prepared by putting one sperm drop of 50 ll on a microscope slide. The back edge of an angled coverslip was used to spread the drop over the slide, resulting in approximately 1 3 10 6 spermatozoa per slide. For fixation, slides were soaked in ethanolacetic acid (3:1, v/v) for 1 min and then immersed in 70% ethanol for 3 min. Slides were air-dried after washing with distilled water. Staining was performed by using 200 ll of 0.025% toluidine blue in McIlvaine buffer according to the protocol described by Beletti and Mello [40] (sodium citrate-phosphate; 200 mM citric acid [#C1909; Sigma] and 400 mM sodium phosphate dibasic Na 2 HPO 4 [#S7907; Sigma], pH ¼ 4.0). A total of 500 spermatozoa per slide were evaluated using a light microscope with 1003 objective magnification. Spermatozoa stained green to light blue were considered to have normal chromatin, while the ones stained dark blue to violet were considered abnormal.
SCD test/Halomax. The Halomax kit was used to determine DNA fragmentation in spermatozoa according to the manufacturer's instructions (Halotech DNA SL). In this test, a large halo is associated with DNA fragmentation because of the absence of a denaturing treatment. It is assumed that the extraction of nuclear proteins from spermatozoa containing fragmented DNA releases DNA fragments between two strand breaks. Sperm nuclei disperse chromatin around, forming a low stained peripheral halo that is distinguishable under low magnification. Briefly, a 1.5-to 2-ll drop of the sperm suspension adjusted to 10-20 3 10 6 spermatozoa/ml was embedded into 50 ll of melted agarose supplied with the kit and covered with a 243 24-mm coverslip. The slides were processed with the lysing solution supplied with the kit at room temperature (228C) and with distilled water. Following dehydration, slides were air-dried and stored at room temperature prior to Wright-Giemsa (Wright solution; Fisher Scientific) staining. Five hundred cells per slide were evaluated by a light microscope with 603 objective. Spermatozoa with a small and compact halo of chromatin were considered to have no fragmented DNA in contrast to spermatozoa with a large and spotty halo of dispersed, fragmented chromatin.
Sperm nuclear protein isolation. Cryopreserved spermatozoa from 20 bulls (10 HF and 10 LF bulls) were thawed and washed three times using PBS supplemented with phenylmethanesulfonyl fluoride (PMSF). Extraction of nuclear proteins was performed using the acetic acid-urea system according to Yebra and Oliva [41] . Briefly, following centrifugation, sperm pellets were resuspended in 100 ll of 20 mM EDTA, 1 mM PMSF, and 100 mM Tris (pH ¼ 8.0), and then 100 ll of 6 M guanidine hydrochloride and 575 mM of DTT were added to this suspension. After addition of 1 ml of ethanol, each sample was incubated at À208C for 1 min and then centrifuged at 700 3 g twice for 15 min. Subsequently, 1 ml of 0.5M HCl was added to the sperm pellets and incubated at 378C for 15 min. Following centrifugation at room temperature for 10 min, 300 ll of 48C TCA were added to the supernatant, which was centrifuged at 48C for 10 min. Afterward, sperm pellets were washed with 500 ll of 1% 2-mercaeptoethanol in acetone, followed by air-drying. The cell lysates were resuspended in 50 ll of 5.5 M urea, 20% 2-mercaeptoethanol, in 5% acetic acid. Proteins were quantified using Micro-BCA protein assay (Thermo Scientific Inc.) according to the manufacturer's recommendations and kept at À808C until the Western blotting experiments.
Western blotting. Equal amounts of the isolated proteins were separated in an acetic-acid-urea gel system according to de Yebra and Oliva [41] and transferred onto polyvinylidene fluoride membranes using the semidry transfer method with HEP-1 Semidry Electroblotting (Thermo Scientific). The membrane was blocked with 13 Tris-buffered saline with 1% casein at room temperature for 60 min (Bio-Rad) and incubated with a goat anti-PRM1 antibody (sc-23107; Santa Cruz Biotechnology) at 48C overnight. The membrane was washed three times at room temperature for 15 min each time with a washing buffer containing 1% Tween20, followed by incubation with a secondary antibody conjugated to horseradish peroxidase (donkey anti-goat IgG-HRP, sc-2033; Santa Cruz DOGAN ET AL. Biotechnology) at room temperature for 60 min. Subsequently, chemiluminescent substrate (WBKLS0500; Millipore) was added to the membrane to detect the signals. The intensities of the bands were quantified using Image Lab software (Bio-Rad). Bovine fibroblast cells were used as a negative control, while bull testis lysate was used as a positive control. We confirmed the specificity of PRM1 protein detection by using an alternative anti-PRM1 antibody (Hup-1N-150; Briar Patch Biosciences) and an alternative secondary antibody (donkey anti-rabbit IgG-HRP, sc-231; Santa Cruz Biotechnology; data not shown).
Phase II Experiments
Flow cytometry. Sperm samples were fixed in 2% formaldehyde for 40 min at room temperature, washed, resuspended in 200 ll of PBS, and filtered through in a flow cytometric tube using a cell strainer cap (Becton Dickinson Labware; catalog no. 352235). For the flow cytometric analysis, 10-ll aliquots of sperm suspensions were loaded onto a 96-well plate (Becton Dickinson Labware; catalog no. 353915) at 5 3 10 5 spermatozoa/ml and permeabilized in PBS with 0.1% Triton-X-100. Following overnight incubation with mouse monoclonal PRM1 primary antibody (1/100, Hup-1N-150; Briar Patch Biosciences) at þ48C, samples were incubated with a mixture of goat anti-mouse secondary antibody conjugated to green fluorescent dye FITC (1/200, GAM-FITC; Zymed Laboratories) and propidium iodide (PI; 1/800; Invitrogen). For negative control, primary antibody was replaced with normal rabbit serum (NRS; 1/1000). Fluorescent labeling of the samples was verified prior to flow cytometry using a Nikon Eclipse 800 epifluorescence microscope (Nikon Instruments Inc.). A dedicated sperm analysis flow cytometer EasyCyte Plus 142 (IMV Technologies) was utilized for flow cytometric analysis [42] . Flow cytometric events positive to PI staining (DNA-containing events representing spermatozoa) were measured in the red channel and gated to ensure that only spermatozoa were included in the PRM1 measurements in the green channel. In the standardized histograms, three marker areas were set according to a range of fluorescence level of sperm events. Flow cytometry data were analyzed by computing the relative fluorescence and percentage of spermatozoa within individual area markers. The first area marker (M1) was set according to the fluorescence peak of the negative control with no PRM1-induced fluorescence. The second marker (M2) represented normal PRM1-induced fluorescence intensity, while the M3 marker contained abnormally high fluorescence intensity. Percentages of spermatozoa within the aforementioned marker areas (M1, M2, and M3) and their median relative fluorescence values (no units) were correlated with in vivo fertility scores.
Immunocytochemistry and cell imaging. Immunocytochemistry was performed according to a previously published protocol [43] . Briefly, fixed sperm samples were mounted on the lysine-coated microscopy coverslips, followed by permeabilization with 0.1% Triton TX-100 (Sigma-Aldrich) and blocking with 5% normal goat serum for 25 min. After blocking, the samples were incubated with mouse monoclonal PRM1 primary antibody (1/100, Hup-1N-150; Briar Patch Biosciences) for 40 min. Subsequently, the coverslips were incubated with a mixture of 1/200 goat anti-mouse IgG-FITC and 1/200 DAPI (DNA stain) for 40 min. For the negative control, the primary antibody was replaced with 1/1000 NRS. Afterward, spermatozoa were evaluated using a Nikon Eclipse 800 microscope (Nikon Instruments) equipped with the Cool Snap CCD camera (Princeton Instruments) and MetaMorph software (Molecular Devices Inc.). Following examination of the slides, images were processed and edited by Adobe Photoshop CS5 software (Adobe Systems Inc.).
Selection of bulls with HF versus LF phenotypes. Group 2 bulls (N ¼ 107) were used for this analysis. The numbers of breedings per bull and conception rates for all bulls are shown in Supplemental Table S2. All semen samples were cryopreserved as per the Alta Genetics commercial protocol using an egg-yolk Tris extender. We analyzed spermatozoa from each of 107 bulls in group 2 and followed methods described previously [35] .
Nuclear shape analysis. Briefly, frozen spermatozoa were thawed, resuspended to 0.5 ml with 2.9% Na-citrate, and stained with Hoechst-33342 (25 lg/ml final concentration) at 378C for 30 min. The samples were then centrifuged at 6000 3 g for 15 sec, and the pellet was resuspended and fixed in 0.4% paraformaldehyde in Na-citrate solution for 5 min. The samples were centrifuged and washed with ultrapure water three times, homogenously spread over a clean slide, and allowed to dry completely. Finally, 3.5 ll of a 1,4-diazabicyclo[2.2.2]octane triethylenediamine mounting solution [35] were placed on top of the sample to prevent fluorescent fading, the samples were covered with a coverslip, and the edges were sealed with clear fingernail polish. Image analyses of the individual spermatozoa were performed using phase contrast and epifluorescence microscopy on a Nikon Microphot FX microscope. Images of sperm-containing fields were captured with a 403 objective and 1.25 magnifiers. Custom subroutines were written for Image J software to determine the perimeter coordinates of each sperm nucleus and converted to Fourier harmonic amplitudes with SAS version 9.3 for Unix operating systems (SAS Institute). Data presented are based on measurements of six harmonics as established earlier: 0 ¼ overall shape, 1 ¼ curvature of the nuclear anterior region, 2 ¼ length of the longitudinal axis, and 3, 4, and 5 ¼ curvature of posterior portion of the nucleus [44] .
Statistical Analysis
In phase I, the data obtained from the expression analysis of PRM1 by Western blotting, the ratio of chromatin maturity by Halomax, and the sperm DNA protamination by toluidine blue staining were verified to be normally distributed and analyzed using SAS version 9.2 for Windows (SAS Institute). The data were classified into two groups, HF (n ¼ 10) and LF (n ¼ 10) bulls, and analyzed using ANOVA with the values of mean and SDs. Overall correlations among the evaluated parameters were obtained using Pearson correlation analysis, determining significant (P 0.05) linear associations between all the parameters and male fertility. A stepwise multiple regression analysis was also performed to predict fertility using a statistical model. For statistical analysis of flow cytometric data in phase II, the median value for each flow cytometric parameter was recorded, and the bulls were sorted into groups based on above-or below-median values. Following the sorting, Pearson correlation analysis was conducted between the parameter in question and the flow cytometry results using Microsoft Excel Data Analysis Add-On. R-values !0.3 were tested and the findings considered statistically significant if P 0.05. Statistically significant findings were grouped into a table, and trends were noted. Statistical analysis of nuclear shape was first verified to be normally distributed and then analyzed using SAS version 9.2 for Windows (SAS Institute). Data were classified into two groups, HF (n ¼ 54) and LF (n ¼ 53) bulls, and then analyzed using ANOVA, MANOVA, or some discriminant to get a canonical correlation values test with the values of mean and SDs (6SEM). Overall correlations among the data were performed using MANOVA for canonical correlation to determine any significant (a 0.05) linear associations between all parameters and male fertility.
RESULTS

Fertility Phenotypes of the Bulls
The first step in exploring the relationship between sperm protamination and field fertility was to establish a model cohort of AI bulls with varied fertility. Semen samples with defined fertility phenotypes were provided by Alta Genetics, based on the breeding outcomes in progeny-testing program herds of more than 1000 bulls routinely collected from Alta Genetics (Alta Advantage) [45] . Bulls with extreme HF/LF were selected based on the percent difference from the average of the bulls in the database, leading to a mean of at least four SD differences. In phase 1, a subpopulation of bulls was designated as group I, containing 10 bulls with HF and 10 bulls with LF (4.56 6 0.24% and À7.44 6 1.04 %) of the 
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average (zero ¼ 0), respectively (mean 6 SEM). The average AI breeding numbers for the HF and LF groups were 754.9 6 109.17 and 782.7 6 89.5, respectively (Table 1 and  Supplemental Table S1 ). By extending the sample size to 107 bulls in the second phase, group 2 consisted of 53 HF and 54 LF bulls with mean 6 SEM conception rates of 4.1 6 0.1% and À4.7 6 0.3%, respectively. Data were standardized to a population mean of 0 for all bulls on more than 180 dairy farms located in different geographical regions of the United States. The mean 6 SEM numbers of breeding data used to determine conception rates were 2368 6 324 for the HF and 1124 6 137 for the LF bulls. The bulls in group 2 represented those with conception rates that were at least one SD above/below the population mean (Supplemental Table S2 ).
Phase I: Top 10 HF Versus Bottom 10 LF Bulls
Extent of sperm DNA protamination (sperm chromatin maturity) differs in HF versus LF bulls. Toluidine blue staining of sperm histones (Fig. 1 ) was used to determine the extent of proper nuclear chromatin protamination in bull spermatozoa. Spermatozoa with aberrant or reduced protamination stained purple/dark-blue, whereas normal protamination was associated with light-blue staining. The percentage of spermatozoa with reduced DNA protamination was 1.90 6 0.30% versus 3.27 6 0.31% for HF versus LF bulls, respectively (P , 0.000; Fig. 2A and Table 1 ). Furthermore, in vivo fertility scores of the bulls were negatively correlated with reduced chromatin protamination (r ¼ À0.62; P , 0.000; Table 2 ).
Sperm chromatin fragmentation is increased in LF bulls. The DNA fragmentation associated with histone-protamine transition errors was measured using SCD/Halomax (Fig. 3, A  and B) . In this assay, spermatozoa with fragmented DNA produced large and dispersed nuclear halos, whereas spermatozoa with intact DNA formed compact and condensed nuclear halos (Fig. 3, A and B) . Results obtained by two technicians for these assays were consistent. Significant differences were observed in HF (4.13 6 0. 26%) versus LF (7.01 6 0.71%) bulls (P , 0.000; Fig. 2B and Table 1 ).
The SDF negatively correlated with in vivo fertility scores (r ¼ À0.69; P , 0.0001; Table 2 ) and positively correlated with reduced protamination (by toluidine blue test) and fragmented DNA (Halomax; r ¼ 0.51; P , 0.0001). SDF was also negatively correlated with the sperm content of PRM1 (r ¼ À0.47; P , 0.05; Table 2 ). However, toluidine blue results did not show significant correlation with PRM1 (r ¼À0.21; P . 0.05; Table 2 ). Using in vivo bull fertility as a dependent variable, two significant predictors were toluidine blue (the percentage of reduced protamination) and Halomax (the percentage of fragmented sperm DNA). The predictive value of the toluidine blue and Halomax tests for fertility was determined using stepwise regression analysis and calculated as fertility (F) ¼ 12.07 À 2.35TB À 1.32Halomax.
Sperm PRM1 content is reduced in LF bulls. The aceticacid-urea gel system was used to extract sperm proteins, followed by Coomassie blue staining (Supplemental Figure  S2 ). This gel system permitted distinguishing the molecular weights of PRM1 (5 kDa) from those of histones (.14 kDa). The intensities of two protein bands from bovine fibroblast cells (somatic cell control) and spermatozoa were compared (Supplemental Figure S3, A and B) . Following Western blotting with the specific anti-PRM1 antibody, the PRM1 band densities were 6.15 (61.14) and 3.96 (60.98) in HF versus LF bulls, respectively (P ¼ 0.015; Fig. 2C and Table 1 ). Sperm PRM1 levels were positively correlated with in vivo fertility scores of the bulls (r ¼ 0.254; P ¼ 0.05; Table 2 ). Likewise, reduced protamination was negatively correlated with the sperm content of PRM protein 1 as determined by 
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Western blotting densitometry (r ¼ À0.302; P ¼ 0.019; Table  2 ). The PRM1 profiles of 20 bulls with varied fertility, and appropriate controls are shown in Figure 4 .
Phase II: Extended Sample Size 53 HF Versus 54 LF Bulls
Flow cytometric analysis of PRM1 expression in spermatozoa from HF and LF bulls. Flow cytometric measurements of sperm PRM1 showed different histogram profiles between HF and LF bulls (Supplemental Figure S4 , A and B, respectively). Bulls with highest in vivo fertility scores had a higher median fluorescence as well as higher percentage of spermatozoa within area marker M2, which represents normal PRM1 levels. Correlation analyses for 20 bulls with the highest fertility score showed several associations of PRM1 fluorescence patterns with in vivo fertility scores. Median of total PRM1-induced fluorescence correlated positively with fertility (r ¼ 0.59; P ¼ 0.006; Fig. 5A ). Sperm populations with absent/ low PRM1 fluorescence represented by the M1 marker showed positive correlation between the M1 median of relative fluorescence and fertility (r ¼ 0.66; P ¼ 0.002; Fig. 5B ) but a negative association between percent spermatozoa within M1 and fertility score (r ¼ À0.56; P ¼ 0.01; Fig. 5C ). However, sperm population with a normal PRM1 fluorescence level, which is represented by percent spermatozoa within marker M2, showed positive correlation with fertility score (r ¼ 0.62; P ¼ 0.004; Fig. 5D and Table 2 ).
Localization of PRM1 in normal and defective spermatozoa. Subcellular localization of PRM1 protein was examined using immmunocytochemistry (ICC; Fig. 6 ). PRM1 fluorescence was strongest in the postacrosomal region of the sperm nucleus in spermatozoa with normal head morphology (Fig.  6a) , likely because their intact acrosomes limited the access of anti-PRM1 antibodies to subacrosomal and subequatorial regions of the nucleus. Nuclear DNA binding proteins, such as histones and protamines, could be retained by the postacrosomal segment of developing perinuclear theca during spermiogenesis [46, 47] . To the contrary, spermatozoa with abnormally shaped heads showed unique features, such as the uneven scattering of PRM1 in the subacrosomal, equatorial, and postacrosomal regions (Fig. 6, e-g ), an increased PRM1 signal along the whole sperm head (spermatozoa with tapered head; Fig. 6h ), or the absence of PRM1 fluorescence (e.g., in spermatozoa with pyriform head; Fig. 6 , i-k).
Sperm nuclear shape and fertility. Semen from the 107 bulls of group 2 was examined to compare sperm nuclear shape, shape variation, and fertility. FHA analysis produces orthogonal components of shape, harmonic amplitudes (HAs) that can compare small differences in sperm nuclear shape and its dispersion. The specific components of sperm nuclear 
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shape, HA0 and HA1, differed between HF and LF bulls (P , 0.05; Table 3 ). A comparison of HA0-HA5 in a multivariate approach found an overall difference in shape (P ¼ 0.006; Table 3 ; Supplemental Figure S5 ) that had a canonical correlation with fertility of 0.41 ( Table 2 ). The variance of the harmonics, Var HA0 À Var HA5, displayed increased dispersion for LF sperm nuclear shape in five of the six components (P , 0.05; Table 3 ). A multivariate comparison of Var HA0 À Var HA5 demonstrated an overall increase in dispersion (P ¼ 0.002; Table 3 ) and had a canonical correlation with fertility of 0.43 (Table 2) . Thus, both nuclear shape and variation of shape differed between the two fertility groups.
DISCUSSION
Hypercondensation of sperm chromatin takes place during the spermatid elongation phase of spermiogenesis, where histones are first transiently supplanted by transition proteins (TP1 and TP2) and then by protamines and later displaced by maternal histones after fertilization. Proper protamination of sperm DNA greatly influences sperm chromatin dynamics in mammals [1] [2] [3] . In addition to SDF and chromatin packaging anomalies, reduced protamination during spermiogenesis may affect sperm maturation in the epididymis and cause sperm dysfunction, leading to male subfertility [26] or infertility [10, 48] . Consequently, immature forms of spermatozoa contain more histone-packaged chromatin regions and are more likely to display DNA damage than properly protaminated spermatozoa [26] , but the impacts of paternal chromatin structure on embryo development remain poorly understood. Thus, the objective of this study was to determine the fertility-related chromatin content of bull spermatozoa by evaluating DNA fragmentation, chromatin maturity/protamination, PRM1 protein status, and nuclear shape in spermatozoa from bulls with different fertility.
Sperm chromatin maturity (levels of protamination) was previously evaluated using protocols such as toluidine blue and aniline blue staining [40] . According to our results, reduced protamination in spermatozoa from LF and HF bulls was successfully detected by using toluidine blue staining. In addition to chromatin maturity, we also tested SDF using the Halomax test. A previous study demonstrated that the percentage of spermatozoa with fragmented DNA detected by light microscopy using the Halomax test was one of four SPERM PROTAMINE STATUS CORRELATES TO FERTILITY fertility predictors [12] . Similarly, we found that light microscopic parameters of Halomax could test DNA fragmentation in spermatozoa. In this study, we revealed that the Halomax test and toluidine blue staining were predictive of bull fertility. Our results were also supported by another study demonstrating that low levels of SDF as detected by Halomax coincided with successful AI in the field, with a threshold value of 7%-10% of DNA-fragmented spermatozoa in the semen [49] . According to Fortes et al. [15] , DNA fragmentation detected by SCSA was negatively correlated with normal morphology and intact chromatin detected by the Halomax test in spermatozoa, while it was positively correlated with sperm head abnormalities. Another study by the same group showed a positive correlation between SDF by SCSA and low protamine content in Bos indicus Brahman bulls, leading to an association between sperm protamine content and sperm DNA damage, which was supported by our study as well [50] . The SCSA was not used in our study because it is an expensive method and may not be affordable to use in the field. The intent of this study was to evaluate the feasibility and cost-effectiveness of the alternative methods, most of which do not require flow cytometry. Our immunocytochemistry findings showed aberrant localization of PRM1 in the nuclei of abnormal spermatozoa compared to their morphologically normal counterparts. These findings were similar to those in a study where a dual Halomax/SCSA analysis on bulls identified a positive correlation with sperm chromatin fragmentation and sperm head morphology [15] . A negative correlation between SCSA parameters and fertility ranking was previously established by others [22, 23] . Overall, we concluded that sperm chromatin immaturity due to reduced and aberrant localization of protamination and SDF was associated with sire field AI fertility. Consistent with our findings in HF and LF bulls, sperm nuclear shape evaluated by FHA is predictive of bull fertility [33, 35, 51, 52] . By using the FHA method, a variation had been previously detected both in the nuclear shape of dead and viable spermatozoa and in spermatozoa from HF versus LF bulls. Although this change in sperm nuclear shape may be attributed to seasonal heat stress affecting spermatid differentiation in some bulls, it may also indicate the existence of constitutive chromatin stability phenotypes that could be routinely measured prior to enrollment of bulls in AI breeding. Thus, the differences in sperm nuclear shape in HF versus LF bulls may be due to differences in chromatin stability [35] . Our data support these previous findings and show a higher degree of variation in nuclear shape in LF bulls. The nuclei of spermatozoa from LF bulls were more condensed than those of their highly fertile counterparts. Based on nuclear shape analysis, we predict that insufficient PRM1 may lead to a chromatin condensation defect in bull spermatozoa. A separate study where FHA was used to detect sperm nuclear shape in bulls concluded that the lack of chromatin protamination and a slight deviation from most common sperm nuclear shape may be used as a specific marker of heat stress-associated sperm damage in bulls [53] .
In contrast to bull spermatozoa, PRM1 and PRM2 proteins contribute equally to DNA packaging in mouse spermatozoa, and human spermatozoa contain roughly equal levels of PRM1, PRM2, and PRM3, leaving ;15% of its chromatin packed with histones [26] . The majority of previous studies were carried out to determine PRM1/PRM2 ratios in infertile men compared to their fertile counterparts [25] [26] [27] [28] , whereas the others focused on the ratio of histones to protamines [29] . The PRM1/PRM2 ratio in human spermatozoa is considered a prognostic criterion of fertility for men [54] [55] [56] , correlated with the development of human preimplantation embryos in vitro [57] . The present study demonstrated that PRM1 was more abundant in spermatozoa from HF bulls and positively associated with field AI fertility. We measured PRM1 protein contents in the spermatozoa, and these are consistent with results by others [58, 59] . However, according to our multiple regression analysis in phase I, the PRM1 protein assessment by Western blotting alone was not predictive of bull fertility scores. Therefore, evaluating sperm chromatin integrity by assessing sperm chromatin protamination and DNA fragmentation status might be sufficient to predict bull fertility in field AI breeding. It is plausible that DNA fragmentation is caused by factors other than reduced and/or incomplete protamination.
In conclusion, inadequate sperm chromatin protamination and DNA integrity were associated with defects in sperm chromatin condensation, coinciding with reduced in vivo fertility. This condition could be diagnosed using the methods described in this study, prior to enrolling young sires into AI breeding. To our knowledge, this is the first study that identifies the differences in PRM1 protein content of sperm from bulls with high versus low fertility.
